Introduction
Bupropion belongs to the chemical class of synthetic cathinones; a group of abused novel psychoactive substances that have gained widespread publicity over the last decade. Synthetic cathinones are structurally related to cathinone, the principal active compound of khat (Fig. 1) . In Finland, the most prevalent of the abused synthetic cathinones have been MDPV, a-PVP and methylone ( Fig. 1) , all of which are currently banned.
Bupropion ( Fig. 1 ) is approved for medicinal use for the treatment of depression and as a smoking cessation aid, which makes its user profile very different from that of the other synthetic cathinones which have no medicinal use. Bupropion (also known as amfebutamone) is marketed under the trade names Zyban, Voxra and Wellbutrin. Besides its main indications, bupropion has been demonstrated to be effective in the treatment of attention-deficit/hyperactivity disorder (ADHD) [1] , chronic fatigue [2] , and in the treatment of cocaine dependence [3] . It is a weak norepinephrine-dopamine reuptake inhibitor (NDRI) but the complete mechanism of action is still not completely known [4] . Bupropion undergoes extensive hepatic metabolism to three metabolites: hydroxybupropion, threobupropion, and erythrobupropion. Less than 1% of the parent compound is found in urine [5] . It has also been reported that bupropion is quite unstable in stored non-frozen plasma with a degradation half-life of about 11 h (pH 7.4, 37 8C) [6] but it is stable in plasma frozen at -22 8C or -65 8C and survives several freeze/thaw cycles [7] .
The typical therapeutic dose of bupropion is 150-300 mg per day. Plasma levels in the treatment of depression are in the range of 0.025-0.1 mg/L. The elimination half-life of the drug in chronic use is 21 AE 9 h. Steady state plasma concentration after the ingestion of The postmortem toxicological examination included, in all cases, the routine screening and quantification of hundreds of drugs and poisons using quality-controlled methods.
Bupropion was detected in 65 cases. A large proportion of the bupropion-positive deaths resulted from suicide (55%). In fatal poisoning cases found positive for bupropion, the proportion of suicide was even higher (77%). The measured median bupropion postmortem blood concentration (0.69 mg/L) was markedly higher than the normal therapeutic range in plasma in the treatment of depression (up to 0.1 mg/L) and even higher in fatal bupropion poisonings (13 mg/L).
Only 14% of the deceased positive for bupropion were estimated to be drug abusers. However, nearly all of the drug abuse cases were from the last year of the study (2013), indicating a recent increase of the use of bupropion among drug abusers and possibly even abuse of bupropion itself.
Suicide victims positive for bupropion were younger than those who died with other antidepressant drugs in their blood. In addition, the percentage of fatal poisonings among bupropion-positive postmortem cases was higher than among the users of other antidepressant drugs. Suicide was significantly more common among the deceased positive for bupropion than among users of other antidepressant drugs.
An unknown degree of bupropion degradation before the assay and post-mortem redistribution of bupropion may have impacted the measured levels. Nonetheless, all post-mortem concentrations of bupropion were elevated and especially high concentrations were detected in suicides.
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therapeutic doses of immediate release products is achieved within 8 days [8, 9] . Although originally considered unlikely [10, 11] , some recent reports of bupropion abuse, especially among young adults and adolescents, have been published. At present, ten peer-reviewed articles in which ''bupropion abuse'' is mentioned in the title of the article can be found in PubMed (accessed 11 December 2015) [10, [12] [13] [14] [15] [16] [17] [18] [19] [20] . Half of these articles were published in the last 3 years.
Antidepressant drugs are widely prescribed for the treatment of depression although for many of them the mechanism by which they exert their therapeutic effects is not well understood. The consumption of antidepressants has increased steadily over recent years in many countries and in Finland the consumption in 2013, measured as the number of defined daily doses (DDD) sold by drug wholesalers to pharmacies and hospitals per 1000 inhabitants per day, was above that of the OECD mean (69 vs. 58) [21] . The DDD is the assumed average maintenance dose per day for a drug used for its main indication in adults (www.whocc.no/ddd/definition_and_ general_considera/).
The risk of suicide is greatly affected by various biological, psychological, social, and cultural factors. Depression and other mood disorders markedly increase the risk of self-destructive behaviours [22] . Many studies have shown that the class of antidepressant drugs most commonly prescribed for depression in Finland, the selective serotonin re-uptake inhibitors (SSRI), either reduce the risk of suicide [23] [24] [25] or at least do not increase the risk of suicide in the first few weeks of treatment, a problem that has been shown for other classes of antidepressants [26] .
For individuals abusing drugs, the most common manner of death is generally unintentional (accidental) rather than suicide [27, 28] . However, previous studies have suggested an increased prevalence of suicides among deceased positive for synthetic cathinones [29, 30] . Additionally, despite its reputation as safe drug [1] , in 2004 the US Food and Drug Administration (FDA) issued a public health advisory regarding worsening depression and suicidality in paediatric and adult patients being treated with bupropion and some other newer antidepressants [31] . Further, in 2009 an FDA Post Marketing Review found evidence of suicide and suicidal thoughts among some patients treated with bupropion for smoking cessation [32] .
Given these circumstances, we sought to utilize the large registry of forensic toxicology data available in Finland to investigate a possible association between the use of bupropion and suicide. We have reviewed the postmortem cases positive for bupropion in Finland during a 5-year period (2009-2013) in terms of toxicological findings, cause and manner of death, and demographic information. For comparison, we also looked at the suicide rate among those postmortem cases positive for other antidepressant drugs over the same time period.
Material and methods
In Finland, all sudden and unexpected deaths are required by law to have a medico-legal investigation, initiated by the police and conducted by a forensic pathologist. According to the law, a medico-legal investigation into the cause of death is to be performed when (1) death is caused or suspected to be caused by crime, injury, suicide, poisoning, occupational disease or medical treatment, or, (2) death has not been caused by a disease, or, (3) during the latest illness the deceased has not been treated by a doctor, or (4) death is otherwise unexpected [33] .
As a result of this law, approximately 18-20% of all deceased undergo a medico-legal investigation. In most medico-legal cases, comprehensive postmortem toxicology is also performed. During the study period, the number of postmortem toxicology cases was 33 727, corresponding to about 13% of all deaths.
Autopsies took place on average 6 days after death. Once the cadaver reached the department of forensic medicine it was stored at +4-8 8C but the conditions prior that may have varied considerably depending on the time interval from death to the time when the body was found. Blood samples were collected during the autopsy and stored in tubes contain sodium fluoride as preservative at +5 8C until analysed. The interval between sample collection and analysis was in most cases 1-5 days.
The postmortem toxicological examination included the screening and quantification of hundreds of drugs and poisons by quality-controlled methods. Specifically, bupropion and the other antidepressant drugs were screened in urine by ultra-high performance liquid chromatography coupled with high-resolution time-of-flight mass spectrometry [34, 35] . The quantification of the substances in blood was performed using dual-column gas chromatography with nitrogen-phosphorus detections (GC-NPD) [36] . The limit of quantification (LOQ) in blood was 0.10 mg/L for bupropion, amitriptyline, citalopram and venlafaxine and 0.05 mg/ L for mirtazapine.
All the results of the postmortem toxicology examinations as well as the results of other tests and analyses, background information provided by the police that had initiated the medicolegal cause-of-death investigation, and the cause and manner of death defined by the forensic pathologist were registered in the laboratory database. In cases of fatal poisonings, the forensic pathologist had determined the cause of death.
All statistical analyses were carried out using IBM SPSS software (version 23.0) using the Mann-Whitney U test.
Results
There were 65 cases positive for bupropion during 2009-2013 in the postmortem toxicology database which contained 33 727 cases in total. Details of these cases are presented in Table 1 .
Bupropion was present in 30 cases in which poisoning was determined to be the cause of death. Of these, 25 (83%) were suicides and the rest unintentional overdose deaths or cases where the manner of death was unknown. Bupropion was the primary drug finding in 20 of the fatal poisonings and assumed to be a major factor in the fatality in these cases. Of these 20 fatal bupropion poisonings, all except one were suicides (95%); significantly higher than the proportion of suicides in all fatal drug poisonings in Finland in 2013 (41%) (Mann-Whitney, p < 0.001). The mean age in bupropion-positive suicides was 43 years and for all fatal drug poisonings in 2013 the mean age was 46 years.
Of the 20 fatal poisonings in which bupropion was considered by the forensic pathologist to be a major factor, five (25%) were bupropion mono-intoxications. In the rest, the fatal poisoning was considered to be caused by bupropion in combination with alcohol, benzodiazepines, or other medicinal drugs.
In 55 out of 65 bupropion-positive cases (85%), there was a quantitative result available for bupropion in peripheral blood. In the remaining 10 cases, bupropion was only detected in urine or the concentration in blood was below the LOQ (0.1 mg/L). The blood concentrations of bupropion in different manners of death and other groups are given in Table 2 .
In one of the suicidal bupropion poisonings, in which the postmortem blood bupropion concentration was 6.5 mg/L, there was an ante-mortem serum sample available taken on arrival at the hospital about 5 h before the death of the patient. In the antemortem serum sample the bupropion concentration was 17 mg/L. In this case, despite of having been treated for the intoxication, the patient died and the cause of death was determined to be fatal intoxication by bupropion and lithium.
Of the cases positive for bupropion (N = 65), in nine (14%) there was background information on drug abuse or there were other findings that could be attributed to drug abuse, such as findings of illegal drugs. Of these nine cases, seven (78%) were from 2013. The mean age in the drug abuse cases was 36 years which is significantly lower than in all bupropion-positive cases (46 years) (Mann-Whitney, p = 0.018). Of the nine drug abuser cases, in four (44%) the manner of death was determined to be suicide. In the whole postmortem toxicology material from 2013 there were 352 cases in which the findings or the background information indicated that the deceased had been abusing drugs. Of these cases, 19% were suicides. Of all antidepressant-positive deaths, 43% were caused by natural causes, 26% by accident and 24% by suicide. The four most common antidepressants in suicide cases were citalopram, mirtazapine, venlafaxine and amitriptyline. Bupropion was detected in 2.4% of the suicide cases positive for antidepressant drugs. The manners of death for bupropion and the four most common antidepressants are illustrated in Fig. 2 . The proportion of suicides in bupropion-positive cases (55%) was significantly higher than in the cases positive for other antidepressant drugs Table 2 The mean, median and interquartile range (IQR) values for bupropion concentration in the blood of various groups of bupropion-positive fatalities. (citalopram 22%, mirtazapine 25%, amitriptyline 21%, venlafaxine 39%) (Mann-Whitney, p < 0.001).
The mean age of the deceased in all antidepressant-positive cases was 56 years and in antidepressant-positive suicides it was 48 years. The mean age of the deceased positive for bupropion was significantly lower (47 years) than the mean age of deceased positive for other antidepressants (Mann-Whitney, p < 0.001). For individual antidepressant drugs, except for trazodone, the mean age in suicides was on average 6 years lower than in all cases positive for the drug (trazodone all cases: 56 years, suicides: 57 years). The age differences (all cases vs. suicides) for bupropion and some other antidepressant drugs are illustrated in Table 3 .
Of the cases positive for any antidepressant drug in the study period, 1530 were fatal drug poisonings (medicinal or illicit drugs). In 33% of the fatal poisonings positive for antidepressants, the most relevant finding was an antidepressant drug. Citalopram was the most common antidepressant finding in fatal poisonings (N = 520). The proportions of some antidepressants as the most important finding in fatal poisonings are illustrated in Table 4 .
Discussion
The Finnish postmortem toxicology database forms an extensive source of valuable data due to the high percentage of fatalities that undergo medico-legal cause-of-death investigations in Finland. According to an earlier study, a medico-legal autopsy is performed in 87.2% of all unintentional injury deaths, in 98.3% of homicides and in 99.5% of suicides [37] . Thus, even though some deaths of individuals using antidepressant drugs will not have undergone a medico-legal investigation, the proportion of such cases is small and it is reasonable to assume that the data reported here are a realistic representation of the population of antidepressant-positive deaths as a whole.
Our analysis of this database revealed that suicide was the most common manner of death among bupropion-positive fatalities. In Finland, bupropion was approved for smoking cessation in 2003 and for treatment of depression in 2010. Therefore, the deceased in the study period (2009-2013) could have had the drug prescribed for either indication, off label prescriptions or been abusing it without prescription. Complete prescription information (e.g., indication, dose, duration of treatment) was not available to us so in order to obtain some perspective on the association of bupropion with suicide we chose to compare the bupropion data with that of other drugs classified as antidepressants, recognizing that for a minor proportion of the cases the drugs could have been prescribed for other indications. The suicide rate in bupropion-positive fatalities was significantly higher than that in fatalities positive for other antidepressant drugs. Bupropion-positive fatalities were also younger than fatalities positive for other antidepressants.
Bupropion was the most commonly encountered synthetic cathinone in the study period in Finland and is the only one in medicinal use. The majority of suicides and accidents of individuals positive for bupropion in this study were fatal poisonings -which differs from a previous study in which synthetic cathinones were more prevalent in mechanical suicides than in fatal poisonings [29] . We can offer no explanation for this apparent difference.
Interpretation of the observed association of the presence of bupropion in postmortem blood with suicides is complicated by a number of limitations of this study. The principles of prescribing antidepressants to depressed patients probably vary greatly among physicians and in some cases bupropion may have been used by non-depressed patients as a smoking cessation aid. Unfortunately, our source material did not include sufficient information on the mental or medical history of the deceased to establish whether the patients receiving bupropion shared some common features in their condition which may have led to them being prescribed bupropion or to be at increased risk while taking it. Bupropion is not structurally related to any of the other antidepressants included in the study and its mechanism of action in the treatment of depression is not entirely known. Nonetheless, it has been suspected of sharing with other classes of antidepressants some risk of increased suicides [31] . Therefore, the association of bupropion with suicides is not unprecedented. However, the higher incidence of suicides compared to other antidepressants in this material is contrary to other reports [24, 26] but could be related to the very high levels observed in our material.
The percentage of bupropion-positive cases with evidence of drug abuse was low although our results suggest an increase in the number of bupropion-positive drug abuse cases over the studied years. It has been noted by some physicians working in drug rehabilitation that patients ask for bupropion as part of their treatment and admit to taking it to gain similar effects to those provided by the more established abused drugs [38] . This anecdotal information, together with published reports on abuse cases, suggests that users of illegal drugs find bupropion attractive as a part of the spectrum of psychoactive substances they abuse. However, only a minority of the bupropion-positive cases in our study could be attributed to drugs abuse (14%), and in most of these, the manner of death was other than suicide. Thus, most of the suicides associated with the use of bupropion were in a population with no evidence of drug abuse which raises concern of the possible effects of the drug in medical use.
In our study, the median bupropion concentration in fatal poisonings in which bupropion was the major finding was 13 mg/L which is within the range reported by Spiller et al. who found concentrations ranging from 3.1 to >20 mg/L in the five cases of their study [39] . In other studies of fatal bupropion poisonings, considerably lower concentrations have been measured [40] [41] [42] [43] . In most of the cases in our study, bupropion was detected among multiple other psychoactive drugs or alcohol. Previous research has indicated that other drugs that affect the central nervous system may exacerbate the neurotoxic effects of bupropion [44] .
Bupropion is unstable in aqueous solutions [6, 45] but is stable in frozen plasma [7] . To our knowledge, the stability of bupropion has not been studied in postmortem whole blood or urine and such test were not performed as a part of our study. Furthermore, no information on postmortem redistribution of bupropion is available. The postmortem interval in Finland is on average 6 days. In our study, the blood and urine samples were collected during the autopsy and were thereafter stored at +5 8C using sodium fluoride as a preservative. The analysis was performed within 1-5 days of blood collection. Therefore, it is not possible to extrapolate from the measured concentrations in postmortem blood to the concentrations at time of death. However, some degradation of bupropion will have taken place between the time of death and measurement of bupropion concentrations so that the in vivo levels would have been higher, perhaps much higher, than those measured. In addition, we did not measure the metabolites of bupropion, some of which retain pharmacological activity (although they are less potent than bupropion itself) and concentrations of which can be many times higher than that of bupropion itself [46] . As a result of this uncertainty we can draw no conclusions about the overall toxicity of bupropion at therapeutic levels.
To our knowledge, there is no information on the blood/plasma ratio of bupropion. Thus, the comparison of our results with the therapeutic concentration in living individuals only provides suggestive information. Nevertheless, the median measured postmortem blood concentration for all bupropion positive cases in our study (0.69 mg/L) was many times above the upper limit of the normal plasma concentration range for treatment of depression (0.1 mg/L) and we assume that levels at time of death were significantly higher. Therefore, any role of bupropion in fatalities could be due to massive overdose, deliberate or accidental.
Despite the limitations described above, the data reported here demonstrate an association between high postmortem level of bupropion and suicides. As with illegal stimulant drugs, high doses of bupropion could promote suicidal behaviour, perhaps because of the impaired judgement and lack of critical thinking associated with a stimulant high. Given the high concentrations of bupropion in these postmortem blood samples, and the probability that levels at the time of death were even higher, the observed association with suicide is likely primarily with overdoses rather than therapeutic levels. Since bupropion may be the most appropriate choice of antidepressant for a particular patient, further studies are needed in order to confirm and better understand the relationship between bupropion overdose and suicide so as to ensure patient safety. Also of importance for future studies is assessment of the magnitude and character of bupropion abuse which seems to be increasing along with the increase in medical use.
